This study analyzed volatility comovement and contagion in the stock markets of four countries (China, Japan, Korea, and Taiwan) in East Asia, which are closely connected with each other geographically and economically in terms of short-term and long-term perspectives. The volatility of stock returns has complex properties of not only volatility clustering, but also long memory, regime change, and substantial outliers. This study reviewed the volatility comovement and contagion in a stock market from long-term and short-term perspectives with the Bivariate Markov Switching Multifractal (BMSM) volatility model that is known for explaining such characteristics well, in spite of using small number of parameters. The empirical analysis results are as follows: China has no significant correlation with the other three countries. Therefore, China stock market is regarded as isolated or segmented market. The influence of the financial crisis on East Asian countries varies depending on the country. Regardless of the starting point of the crisis, Korea and Taiwan are shown to be vulnerable to external impact, compared to China and Japan. From the perspective of the nature of crisis, financial crisis that occurred in 1997 in East Asia and South Europe in 2011 were identified as local shocks as they had an impact on only a few countries, while the global crisis in 2008 was identified as global shock because it caused significant short-term and/or mid and long-term volatility of all countries.
As for the economy in East Asia, comovement grows not only in the real economy, but also in the financial market due to the progress of globalization. However, unlike the phenomena of economic growth, comovements of financial markets are related to contagion of risk (volatility) . As seen in the East Asian crisis in 1997, risk occurred in one country expands to other countries quickly, which shows high contagion. In addition, great external shock such as the global financial crisis in 2008 and Southern European sovereign debt crisis in 2011 gave one more shock to the East Asian financial market and confirmed its vulnerability to foreign impact. Among East Asian countries, China, Japan, Korea, and Taiwan are geographically close to each other. Especially Jorion (1989) argues that a common culture (Confucianism) may induce interdependencies among the stock markets in Mainland China and at least some others in East Asia. Nevertheless, these countries are different in terms of economic growth stage, external credibility, financial market development, market deregulation, liberalization, and fiscal soundness etc. Therefore, although all four countries are common in having increasing volatility and high contagion effects, there are differences in the level of the effects among them.
There are lots of research regarding Asian financial market's spillover or interconnectedness. Most studies report that the comovements exist. However, they show the other results in some countries. Perhaps the reason is due to the sample period, the sample countries, the methodologies, etc. The major studies include the following. Hung and Cheung (1995) find a long-run relationship among five Asian emerging stock marekts (Hong Kong, Korea, Malaysia, Singapore, and Thailand) but Kwan, Sim and Cotsomimtis (1995) observe that four of them (except Thailand) are not cointegrated. Leong and Felmingham (2003) analyze the interdependence of five East Asian stock price indices where some of the pairs of markets are found to be cointegrated. Johnson and Soenen (2002) use Geweke measures of feedback and find a statistically high percentage of contemporaneous association between Asian equity markets and Japan. And there are several research regarding ASEAN countries (Indonesia, Malaysia, Philippines, Singapore, and Thailand) . Palac-McMiken (1997) conclude that 4 ASEAN markets are linked together with the exception of Indonesia. Furthermore Roca, Selvanathan, and Shepherd (1998) find that these ASEAN markets are related in the short-term, but not significantly linked in the long-run. Sharma and Wongbangpo (2002) analyze the degree of long-term and short-term comovements in stock markets of five ASEAN countries and find that there is a long-run relationship among the stock markets of all countries but Philippines. Click and Plummer (2005) find that ASEAN-5 stock markets are integrated in the economic sense, but that integration is far from complete therefore initiatives to further integrate the stock markets are feasible.
In addition, there are a number of studies on the impact of 1997 Asian Crisis (or 2008 Global Crisis) on the comovements of the Asian stock market. Yang et al. (2003) and Tan and Tse (2002) find that Asian stock markets in general have become more integrated after the 1997-1998 Asian currency crisis. Khan and Park (2009) presents empirical evidence of herding contagion in the Asian stock market during the 1997 Asian financial crisis, above and beyond macroeconomic fundamental driven comovements. Park (2010) finds that there is a strong comovement between Asian markets. Among those, the countries with more developed financial systems (i.e., Japan, Singapore and Hong Kong in Asia) exhibited stronger linkages to the rest of the Asian markets. Huyghebaert and Wang (2010) examines the degree of stock market integration in East Asia and find that after the Asian currency crisis, shocks in Hong Kong and Singapore largely affect other East Asia stock markets, except for those in Mainland China. Yang (2013) examines the changing nature of volatility spillovers among U.S. and eight East Asian stock markets between the Asian currency crisis and the U.S. subprime credit crisis and find that Asian stock markets are the markets to which volatility is spilled over unidirectionally from several other countries during the subprime credit crisis period, whereas it is not true during the Asian currency crisis period.
Previous studies that dealt with volatility contagion of stock markets in East Asian countries mainly focused on correlations, especially analyzed time-varying correlation and contagion effect. Kuper and Lestano (2007) use dynamic conditional correlation to examine the dynamic linkages among financial markets in Thailand and Indonesia. Thao et al. (2013) employed the constant conditional correlation (CCC) and the dynamic conditional correlation (DCC). They found that almost all the East Asian markets revealed higher correlations to other markets in the region than the United States, even during the crisis period. On the other hand, Choi (2006) also using CCC and DCC, showed that there was no strong evidence of time-varying correlations for the sample period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) and weak evidence of time-varying correlation between some countries in the post-crisis period. Toyoshima and Hamori (2013) use asymmetric DCC model to analyze the correlation between the Japanese and Singaporean stock markets and find that financial integration has advanced because of their economic partnership agreement (JSEPA). Yilmaz (2010) analyzed returns of Asian stock market and volatility spillover by using the Diebold and Yilmaz (2009) approach and demonstrated high spillover in the case of major crisis.
Analysis mainly using GARCH model or VAR model has unit duration because they do not consider heterogeneous duration such as short term or mid and long term, which is the shortcoming of the models. Unlike the previous studies, this study uses the Bivariate Markov-Switching Multifractal (BMSM) volatility Model that Calvet et al. (2006) propose. To understand the reason for using the BMSM model, it is necessary to know the background from the model. Briefly, Markov-Switching Multifractal (MSM) model has been proposed in an attempt to explain comprehensively the stylized facts of financial time series. Already, it is investigated that volatility in financial time series exhibits several stylized facts. Some of these stylized facts are volatility clustering, long memory, fat-tailed distribution, regime switching, and substantial outliers. The models that expanded Engle's ARCH model (1982) , which is a standard volatility model, and Bollerslev's GARCH model (1986) , are presented in order to understand the characteristics of volatility better and increase forecast performance by explaining stylized facts. However, despite such effort, it is quite difficult to explain all stylized facts described above because it would bring ineffective results in terms of simplification of a model . Unlike traditional approaches, Calvet and Fisher (2004) developed new volatility model, which is the Markov-Switching Multifractal (MSM) model having heterogeneous durations. Heterogeneous durations mean that there are short-, mid-, and long-term volatility components because MSM allows shocks (innovation term) to have different frequencies. For example, population aging or demographic change shock will have long-term frequency but market disturbances like noises will have (very) short-term frequency and business cycle shock will have mid-term frequency. MSM model can explain most of the characteristics described above well, in spite of its parsimonious form. In particular, it is reported that in-sample fit and out-of-sample forecasting showed outstanding results in compared to existing models including Regime-Switching GARCH model or Fractionally Integrated GARCH model (Calvet and Fisher (2004) , Lux (2007) , Lee and Kim (2015) ). In addition, Calvet, Fisher and Thompson (2006) suggested the Bivariate MSM (BMSM) model by expanding univariate MSM model in order to consider the correlation between two factors. Therefore, since the study of Calvet et al. (2006) This study analyzed comovement and contagion of four countries in East Asia, including China, Japan, Korea, and Taiwan, with the BMSM model and reviewed the things that previous models did not catch. In particular, Idier (2011) introduced additional risk indicators such as the probability of a crisis and extreme comovement indicators to the BMSM model and specified volatility comovement analysis more. We follow Idier's approach (2011) . From empirical applications to the four countries in East Asia, we find that China did not have high correlation with the other three countries. The influence of the financial crisis on East Asian countries varies depending on the country. Regardless of the starting point of the crisis, Korea and Taiwan are shown to be vulnerable to external impact, compared to China and Japan. From the perspective of the nature of crisis, financial crisis that occurred in 1997 in East Asia and South Europe in 2011 were identified as local shocks as they had impact on only a few countries, while the global crisis in 2008 was identified as global shock because it caused significant short-term and/or mid and long-term volatility of all countries.
The structure of this paper is as follows: Chapter 2 explains the analysis model, estimation methods, and calculation method of major correlation indicators. Chapter 3 describes the characteristics of data based on data and basic statistics. Chapter 4 interprets empirical analysis results and meaning of major correlation indicators. Chapter 5 summarizes research results and presents the conclusion and suggestions.
Method

Bivariate Markov-switching Multifractal Volatility Model
It Calvet and Fisher (2004) suggested the Markov-switching multifractal (MSM) model which analyzed the volatility with the components of heterogeneous durations and assigned multifractal structure to volatility. However, as the MSM model is a univariate model, it cannot analyze the correlation between two series. In order to complement such shortcomings, Calvet et al. (2006) suggested a bivariate MSM model that is an expanded model to consider the correlation between two markets.
Let's define the vector of returns as r t = ( r t α r t β ) for market α and β. The vector of the components at the k-th
The period t volatility is characterized by the (2, k ̅ ) matrix C t = (C 1t ; C 2t ; … C k ̅ t ), where k ̅ is the index for the lowest frequency. Each row stands for each country's market indexed by m = {α, β} 2 , while each column for a frequency k = {1,2, … , k ̅ }.
The vector of returns can be written as:
With * the Hadamard product, C t m = ∏ C kt m k ̅ k=1 and ε ∈ ℝ 2 the vector of residuals which are IID Gaussian (0, Σ) We mean volatility components by , which is the first letter of "Component". We mean market by , which is the first letter of "market".
3 ∈ [0; 1] denote the unconditional correlation between the residuals. According to Idier (2011) , it is the first source of correlation between the two markets. 4 Also, from Idier (2011) , a second source of correlation is the correlation between information arrivals. 5 We mean dummy variable by , which is the first letter of "Dummy".
is specified as IID. 6 The arrival vector needs to be symmetric. ( ) ≡ ( )
After that, we set as follows.
We can set the conditional probability of information arrivals as follows.
The component C kt m is drawn from a binomial distribution taking value c m and 2 − c m with the same probability distribution:
Finally, the correlation between C α and C β under the bivariate binomial distribution C is a last parameter of the dependency structure. It is set that the binomial distribution is the same for all component C kt m , no matter what k is, so that the k index may be omitted.
The probability that an information arrival coincides on both markets is given by
and similar for the probability that an information arrival only occurs on one of the two markets, or no information arrival on both markets. These different probabilities give the following d k matrices, with element d ijk where i = D kt α and j = D kt β :
It is obtained for each k that the random vector C kt can take four possible states: 
All calculations give 10 :
6 It satisfies few conditions. See Calvet et al. (2006 
Finally, the volatility state transition matrix of asset returns A with elements (a ij ) with 1 ≤ i, j ≤ 4 k ̅ is given by 11 :
The number of states grows geometrically with the number of frequencies. Calvet et al. (2006) develop a two-step ML optimization procedure to estimate the set of parameters φ′ = (σ α , σ β , c 0 α , c 0 β , b, γ 1 , ρ ε , λ, ρ * ) ∈ ℝ 9 . It first estimates a combined bivariate which is the two univariate cases imposing the constraint that the frequencies are the same (which means the same b and the same γ 1 ). The dependence structure is then calculated, i.e. the three other parameters (ρ ε , ρ * and λ) during the second step.
Crisis Indicators
Idier (2011) derives several useful crisis indicators from the results of the estimated BMSM model. These indicators are about extreme comovement, conditional probability of crisis, and long-term high or low volatility cycles. Whereas DCC model or previous correlation analysis mainly focuses on short-term volatility, these indicators have advantages in that they expanded the time series to short, mid, and long-term ones.
Covariance
2.2.2 Probability of a crisis The probability of crisis is a first indicator of interest. To identify crisis transmission between markets, joint probability to be in the highest volatility state in two markets is of interest. It is defined as follows:
with δ 1 a vector of dimension 4 k ̅ with dirac elements δ 1i = 1 {C 1t
that each component for a given series follows the same binomial distribution taking high value c 0 m for m = {α, β} or low value 2 − c 0 m . A crisis is identified when the probability to be in the highest state of volatility reaches a defined threshold.
Conditional Probability of a Crisis
It is defined as the conditional probability to be in a high state of volatility in market α, given that market β is in a high volatility state. This represents the probability of crisis transmission between two markets and by using the Bayes theorem is as:
11
The ̅ is the number of frequencies in the model. This gives insights about how a market is influenced by the other and if high volatility states are transmitted to it.
Long-term High and Low Volatility Cycle
As previously, it is interesting to identify the long run cycles in volatility (high or low) that are shared between returns.
For example, let us identify the low, long run cycle in volatility. From the different states m i in volatility with i = 1 to 4 k ̅ we simply keep the states for which the components with the lowest frequency (for k = k ̅ ) for the two returns series both have a low value 2 − c 0 m . It means that the series may be hit on shorter run cycles by shocks, but the longest cycle (represented by the lowest frequency of jump in the component k ̅ ) stays relatively stable. This probability to be in a low, long run cycle is thus written as: and inversely, the probability to be in high, long run volatility cycle is: 
Data and Descriptive Statistics
Data
The data used in this study were the stock price indices of four countries (China, Japan, Korea, Taiwan) in East Asia, which was the Hanseng composite, Nikkei255, KOSPI, and Taiwan Weighted, respectively. The analysis period was from January 4, 1996 to December 30, 2014. The number of data points used in the study was 4083. Figure 1 represents the trend of stock price and returns of the four countries. All of the four countries experienced a great decline of the stock price index and high volatility when the global financial crisis occurred in 2008. However, the impact of the financial crisis which occurred in South Europe in 2011 was not quite as significant in China and Japan, while it was significant in Korea and Taiwan. Reviewing the trend of the stock market before the global financial crisis in 2008, each of the four countries showed distinctive individual traits by country rather than similarity to each other. Although the four countries are located geographically close to each other, stock market volatility of the four countries cannot be entirely explained by common factors. Individual factors also took an important role. Table 1 shows the basic statistics of log rate of returns (ln(P t /P t−1 ) × 100) of stock price index by day. Although the average rate of returns is small enough to be close to 0, the volatility is relatively large, which is around 1.6 ~ 2. Especially for Korea, the absolute size of maximum and minimum rate of returns, as well as volatility, was the largest during the analysis period. The patterns of skewness and kurtosis of the four countries have left-long and fat-tailed distribution, which is a general characteristic of rate of returns. Jarque-Bera statistic shows unique characteristics of rate of returns, which does not follow the normal distribution pattern. Notes: Returns are calculated as ln(P t /P t−1 ) × 100. The correlation between Korea and Japan was 0.48, the highest, followed by the correlation between Korea and Taiwan, which was 0.45. China show the least correlation with other countries. In the aspect of correlation, China was distinguished from the other three countries. Therefore, it seems that China stock market is isolated from other countries.
Descriptive Statistics
Empirical Results
Estimation Results
The model set in this study is the Bivariate MSM model with three volatility components for k ̅ = 3. It is easy for short-term analysis as well as mid and long-term analysis. Table 2-1 and Table 2 -2 were the summary of estimation results of the parameters that maximize log likelihood function of the Equation (17). ln ℒ -14314.0 -13942.0 -14038.0 First of all, most parameters are shown as statistically significant. As for Japan and Korea, γ k , a switching probability of short-term volatility factor was 0.063, which is relatively smaller than others. That means the cycle is that long. It seems to be related to the highest correlation of 0.48 between Korea and Japan as shown in Table 1 . The estimated parameter λ refers to the correlation between information arrivals or the unconditional correlation between the occurrences of jumps of the components in the two markets.
The notable thing is that when China is included, λ is statistically insignificant and close to 0. On the other hand, if China is not included, not only is λ statistically significant, but also it has big value that falls into the range of 0.6 ~ 0.8. Such results indicate that China is different from the other three countries in terms of information arrivals. This finding is consistent with Hsiao et al. (2003) . In other words, Japan, Korea, and Taiwan have high correlation with information arrivals, though there may be a slight difference in degree, they would show similar jump reactions to external shocks. On the other hand, China is hardly affected by external shocks, even when there were information arrivals to the stock markets of other countries. Rather, China is relatively resistant to external shocks. Depending on the inclusion of China, the result varies. It is same with ρ ε , which is correlated with error term. Such results have something in common with the correlation with basic statistics reviewed above. Therefore, it is assumed that the estimation results of the bivariate MSM model represents the characteristics of data shown in basic statistics. As a result, what we learn from estimation results of parameters is that China is different from the other three countries in terms of correlation and that China is not vulnerable to external shock, compared to the three countries. Figure 2 shows joint probability to be in the highest volatility state. There are common things and differences in terms of volatility depending on country. The common thing is that all countries had high stock market volatility due to the global financial crisis in 2008. The difference is that during the East Asian crisis in 1997 and European financial crisis in 2011, where the reactions varied depending on country. As for Japan and China, there was relatively little impact from the East Asian crisis of 1997 and financial crisis in South Europe of 2011. Thus, these crises are interpreted as a local shock. However, the global financial crisis of 2008 turned the short-term, mid and long-term volatility of all countries, including Japan and China, to be high and it was interpreted as a global shock. Liow (2015) identified that the South European financial crisis of 2011 was identified as a local shock. It was consistent with the results of this study in the aspect that China and Japan had little impact from the South European financial crisis, while Korea and Taiwan were affected greatly. Huyghebaert and Wang (2010) find that most East Asian stock markets, except for those in Mainland China, are Granger cuased by the US market during 2008 global financial crisis. And their findings reveal that stock markets in Mainland China remain isolated from those in East Asia and the world, despite the country's huge economic and financial development. Dekker et al. (2001) and Bessler and Yang (2003) argue that Japan is a relatively isolated market in normal market circumstances, it means that Japan neither influences nor is affected by innovations in other countries. Regarding South Korea, Yang et al. (2003) argue that it is a fairly endogenous market, as it reacts strongly to shocks in other markets without having much impact itself on these markets. These previous results seem to be consistent with our results. But Ghosh et al. (1999) and Dekker et al. (2001) document that the Taiwanese stock market is an isolated market. However, the results show Taiwan can be classified as highly endogenous market just like South Korea. Figure 4 shows the probability of extreme volatility comovement defined in Equation (22). It is the conditional probability of being in the state of high volatility for the market β, given that α experiences extreme volatility. In order to review the trend of conditional crisis probability as done by Idier (2011) , we superimposed the 50-day moving average. The conditional crisis probability of China in the first row in Figure 4 did not show a significant difference, even if the country in the denominator is changed. As shown in the correlation and joint crisis probability stated above, it indicates that there is little correlation between China and other countries. In the end of 2014, the conditional crisis probability of China became high regardless of the country in the denominator. It was because other countries showed relatively low volatility in stock market, while China showed high volatility. As recent issues of low growth and a stock market bubble have emerged in China, stock market volatility in China may be expanded to other countries in the future. However, this study was completed at the end of 2014 at which there was no significant movement in the stock markets of other countries.
Comovements
The conditional crisis probability of Japan on the 2nd row of Figure 4 showed increasing intensity and frequency in China, Korea, and Taiwan, in that order. Graphs on the 3rd row of Figure 4 indicate conditional crisis probability of Korea. They showed increasing intensity and frequency like Japan in China, Japan, and Taiwan, in that order. The 4th row in Figure 4 showed the conditional crisis probability of Taiwan, which is similar to Korea. In particular, we can see that there was contagion of high volatility between Korea and Taiwan.
In the sections of the East Asian crisis of 1997 and dot-com bubbles of 2002 on the graphs, China and Japan had great and persistent influence on Korea and Taiwan. After then, they had partial influence on only the crisis' in 2008 and 2011, which was relatively not persistent. It means that Korea and Taiwan's stock markets had volatility spillovers compared to China and Japan. Therefore, it is interpreted that China and Japan had different distinguishing characteristics from Korea and Taiwan.
Long-term Volatility Cycles
If two countries had long-term volatility factors in a high volatility state, the possibility that high volatility of the two countries will be sustained for a long time gets higher. Compared to short-term volatility factors, comovement of long-term volatility factors will give greater impact to the market. Figure 5 shows how comovement occurs in two countries in a long-term high volatility state. Seeing the comovement in long-term high volatility state, the high volatility state sustained for a long time in every country in the global financial crisis of 2008. On the other hand, it varies by country in other crisis sections. In particular, the financial crisis in South Europe in 2011 had great influence on Korea and Taiwan. As for China and other countries, comovement of long-term high volatility state occurred very frequently due to the East Asian crisis in 1997 and collapse of the dot-com bubble triggered from USA in 2002, although it was not sustained for long. In 2008, long-term high volatility state was sustained for quite a long time due to the global financial crisis, but the European financial crisis in 2012 did not give much impact. As for Japan and Korea, persistency of crisis in 1997 in the two countries was a little bit longer than the crisis in 2008. Although the crisis caused by collapse of the dot-com bubble in USA in 2002 was not quite greater than other two crises in terms of depth, it persisted for quite long time. The East Asian financial crisis of 1997 significantly increased stock price volatility of various countries in East Asia, including Korea. As for Japan, it was not affected much by the shock, but there was contagion of long-term high volatility. As for Japan and Taiwan, they showed high comovement of long-term high volatility in the crisis sections of 1997 and 2002. However, in the crisis of 2011, the impact was relatively small. As for Korea and Taiwan, they were similar in terms of long-term high volatility. state was shown to be high. Unlike China or Japan, Korea and Taiwan were affected greatly by the crisis of 2011. Figure 6 showed long-term comovement of low volatility. Unlike the long-term comovement of high volatility, low volatility was strongly shown mainly in the non-crisis sectors. The peculiar thing is that if China is included, the long-term comovement of low volatility was lowered from 1 to 0.5 in the end of 2014. It was affected by the recent fall of stock market in China and we need to look over the trend carefully. If China is not included, low volatility is shown to continue in the long run, which reflects the low volatility in the stock market of each country, which has occurred since 2~3 years ago. 
Conclusion
This study analyzed comovement and contagion of volatility in stock markets of the four countries in East Asia, which are China, Japan, Korea, and Taiwan, with the BMSM model of Calvet et al. (2006) . In particular, reviewing additional risk indicators such as probability of a crisis and extreme comovement indicator of Idier (2011) , this study defined the measurement index more specifically.
As a result, it was found that China did not have significant correlation with the other three countries. Also, the influence of financial crises on the countries in East Asia varies depending on country. Korea and Taiwan turned out to be vulnerable to external shock, contrasted with China and Japan which did not. Especially, both financial crises in East Asia in 1997 and in South Europe in 2011 were identified as local shocks, while the financial crisis in 2008 was identified as a global shock because volatility of all countries increased short-term and/or mid and long-term volatility. Owing to the concerns on the low growth of China in recent times and its aging society, stock market volatility increased not only in China, but also in neighboring countries. However, the analysis result of time series data of the past demonstrated that China did not have correlation with other countries. In the aspect that China was relatively stable from external shock, it is hard to forecast the contagion effect of the internal shock of China on neighboring countries. However, it is necessary to prepare for contagion risk that might occur due to the increase in stock market volatility in China in the future. It is because contagion effect of stock market volatility in China or Japan had big influence on Korea and Taiwan, seeing the conditional risk probability of the crisis sector of 1997. After then, stock market volatility in China and Japan was reduced greatly, which lowered the probability of significant impact. However, as stock market volatility in China has been increasing since the end of 2014, there is high possibility of contagion risk to East Asian countries which are vulnerable to external shock. As comovement of long-term low volatility is reduced in China, we need to take notice of the effect of increasing volatility expanding to other countries in the short run or in the mid and long run, and the potential result in comovement of long-term high volatility.
